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ABSTRACT 


Canadian  Forces  divers  using  rebreather  diving  apparatus  are  oirrently  restricted 
to  pre-dive  preparation  times  of  only  6  hours.  A  proposal  was  made  to  increase  this  time 
to  7  days.  TlieoreticaUy,  this  was  possible;  however,  no  empirical  data  were  available  to 
indicate  that  the  chemical  carbon  dioxide  absorbent  could  survive  an  extended  storage 
period  in  Canadian  Forces  rebreathers.  Consequently,  the  Experimental  Diving  Unit  of 
the  Defence  and  Civil  Institute  of  Environmental  Medicine  conducted  a  study  to  deter¬ 
mine  if  storage  of  soda  lime  would  reduce  the  carbon  dioxide  scrubber  endurance.  The 
tests  measured  scrubber  endurance  using  proposed  NATO  standard  procedures  imder 
three  conditions:  (a)  no  storage;  (b)  seven  days  of  storage;  and  (c)  1  hour  imder  the 
endurance  test  conditions,  followed  by  7  days  storage  and  then  completion  of  the  endur¬ 
ance  test.  The  results  indicated  no  difference  between  the  three  conditions;  thereby,  sup¬ 
porting  the  proposal  for  up  to  7  days  of  storage.  On  the  other  hand,  issues  related  to  cold 
weather  operations,  biological  hazards,  heavy  exertion  and  accelerated  material  wear 
imposed  some  restrictions  on  rebreather  storage. 


Executive  Summary 


The  Canadian  Forces  (CF)  uses  three  rebreathers:  (a)  the  Canadian  Clearance  Div¬ 
ing  Apparatus  (CCD A),  (b)  the  Canadian  Underwater  Mine  Apparatus  (CUMA)  and  (c) 
the  S-10.  In  a  rebreather,  gas  is  recycled  to  conserve  the  on-board  supply  and  to  reduce 
acoustic  signatures.  Carbon  dioxide  in  the  gas  must  be  removed  before  it  can  be 
rebreathed  by  the  diver.  The  filtering  is  done  by  breathing  the  gas  through  a  chemical  fil¬ 
ter  called  a  scrubber.  The  scrubber  contains  granular  soda  lime  which  reacts  with  the  car¬ 
bon  dioxide  to  absorb  it.  All  three  diving  apparatus  use  an  identical  carbon  dioxide 
scrubber.  Before  a  dive,  the  diver  charges  the  scrubber  with  soda  lime  and  then  seals  it 
into  its  housing  on  the  rebreather.  Present  regulations  specify  that  the  scrubber  can  be 
charged  up  to  6  hours  before  a  dive.  If  a  dive  is  not  started  within  this  period,  the  scrub¬ 
ber  must  be  re-charged  with  fresh  soda  lime.  The  regulations  do  allow  for  multiple  dives 
to  be  completed  widi  the  same  charge  of  soda  lime,  but  the  scrubber  must  be  charged  180 
minutes  after  the  start  of  the  first  dive.  These  regulations  were  considered  too  restrictive 
and  wasteful  for  operating  time  and  resources.  A  proposal  was  made  to  extend  the  prep¬ 
aration  period  to  seven  days.  No  empirical  data  were  available  to  indicate  that  the  soda 
lime's  capacity  to  absorb  carbon  dioxide  would  be  affected  by  storage  in  the  rebreather. 
Consequently,  an  experiment  was  conducted  to  examine  the  effect  of  seven  days  of  stor¬ 
age  on  the  endurance  of  the  carbon  dioxide  scrubber. 

Three  storage  conditions  were  examined:  (1)  no  storage,  (2)  storage  for  seven  days 
and  (3)  use  for  1  hour  followed  by  seven  days  of  storage  and  then  use  again.  The  condi¬ 
tions  were  compared  using  a  proposed  NATO  standard  method  for  measuring  the 
endurance  of  the  carbon  dioxide  scrubber  {ie.,  the  time  required  for  scrubber  outlet  car¬ 
bon  dioxide  concentration  to  reach  0.5%  volume  by  volume). 

The  endurance  tests  were  completed  with  3  CCDA  and  5  S-10  rebreathers.  They 
were  each  in  turn  submerged  in  0  to  3C  water  and  subjected  to  breathing  flows  produced 
by  a  reciprocating  pump.  Gas  in  the  exhale  phase  of  the  pump  stroke  was  heated, 
humidified  and  injected  with  carbon  dioxide  (1.6  litres  per  minute)  to  reproduce  gas 
exhaled  by  a  diver  working  at  a  moderate  rate.  Gas  leaving  the  scrubber  was  analysed 
for  carbon  dioxide  content  and  the  test  was  completed  when  the  level  reached  0.5%  vol¬ 
ume  by  volume.  The  total  tine  completed  in  the  test  was  the  endurance.  Each  rebreather 
was  subjected  to  each  test  condition  once  for  a  total  of  15  endurance  tests. 

Results  showed  no  difference  between  the  endurance  of  the  three  conditions; 
however,  other  factors  related  to  multiple  dives  with  the  rebreathers  would  restrict  their 
operational  use.  These  factors  were  associated  with  storage  of  wet  eqmpment  which 
would  cause  ice  formation  and  possible  equipment  failure  in  sub-freezing  temperatures, 
biological  growth  and  subsequent  toxicological  hazards  and  pre-matiue  deterioration  of 
rebreather  components.  Short  duration,  multiple  dives  were  also  revealed  as  a  problem 
factor  as  higher  carbon  dioxide  rates  can  be  maintained  for  these  shorter  periods; 
thereby,  reducing  the  endurance  of  the  scrubber. 

Recommendations  made  included  the  updating  of  diving  regulations  to  permit 
the  seven-day  storage  period  with  restrictions  on  multiple  use  which  require  cleaning 
and  drying  of  the  scrubber  between  dives.  A  recommendation  was  also  made  to  develop 
a  method  for  adjusting  endurance  for  higher  work  rates  during  shorter  dives. 
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INTRODUCTION 

The  Canadian  Forces  (CF)  uses  three  rebreathers:  (a)  the  Canadian  Clear¬ 
ance  Diving  Apparatus  (CCDA,  known  commercially  as  Siva  55),  (b)  the  Cana¬ 
dian  Underwater  Mine  Apparatus  (CUMA,  known  commercially  as  Siva+)  and 
(c)  the  S-10.  These  rebreathers  recycle  gas  to  conserve  the  on-board  gas  supply 
and  to  reduce  acoustic  signatures.  To  rebreath  the  gas  the  rebreather  must  filter 
out  the  carbon  dioxide  (CO2)  produced  by  the  diver  before  the  gas  can  be  inhaled 
again.  The  filtering  is  accomplished  by  breathing  the  gas  through  a  granular  bed 
of  a  chemical  mixture  called  soda  lime.  This  filter  is  known  as  a  CO2  scrubber.  All 
three  CF  rebreathers  are  manufactured  by  Fullerton,  Sherwood  Engineering  Lim¬ 
ited  (FSEL)  with  a  common  CO2  scrubber  design. 

Contact  with  mine  countermeasures  diving  groups  in  other  navies  (Neth¬ 
erlands,  Belgium,  France,  South  Africa)  indicated  that  it  was  possible  to  pre¬ 
charge  a  rebreather  scrubber  with  soda  lime  and  then,  with  the  scrubber  sealed 
inside  the  rebreather,  store  the  apparatus  for  future  use.  Claims  of  storage  periods 
of  7  days  have  been  made  but  there  was  no  objective  evidence  that  the  operational 
endurance  of  CF  rebreathers  was  unaffected. 

CF  regulations  [1]  regarding  the  charging  of  the  CO2  scrubber  require  that 
the  CO2  absorbent  must  be  changed  after  180  minutes  of  diving.  If  not  used 
immediately,  it  can  be  stored  in  the  rebreather  for  6  hours  or,  if  the  180  minute 
rated  endurance  is  not  reached  in  a  single  dive,  multiple  dives  can  be  done  until 
the  scrubber  needs  recharging  180  minutes  after  the  start  of  the  first  dive. 

These  limits  were  developed  because  of  a  lack  of  information  regarding  the 
effect  of  storing  soda  lime  in  a  rebreather.  A  comparison  of  storing  the  soda  lime 
in  the  original  packaging  to  storing  in  a  rebreather  suggests  that  there  should  be 
little  difference  and  that  scrubber  endurance  should  not  be  affected.  However,  in 
the  absence  of  empirical  data,  a  conservative  estimate  of  a  safe  storage  period  of 
time  was  established.  Discussions  with  operational  personnel  revealed  that  a 
working  day  was  considered  to  be  a  reasonable  period  of  time  for  re-charging 


scrubbers.  The  scenario  envisioned  was  the  preparation  of  the  apparatus  at  the 
beginning  of  the  day  followed  by  up  to  six  hours  of  storage  which  would  nor¬ 
mally  coincide  with  the  last  dive  of  the  day.  Consequently  the  six  hour  storage 
period  was  established  as  a  compromise  based  on  the  information  available  at  the 
time.  Greater  knowledge  of  the  effects  of  storing  CO2  absorbent  in  the  CF 
rebreathers  would  possibly  allow  for  longer  storage  periods. 

Increasing  the  allowable  storage  period  would  significantly  increase  the 
flexibility  of  operations  and  improve  efficiency.  Rather  than  spend  a  valuable  part 
of  each  day  charging  the  rebreathers  with  soda  lime,  divers  could  use  inactive 
periods  to  prepare  the  scrubbers  well  in  advance  of  the  expected  dive.  Also,  soda 
lime  would  not  be  wasted  if  a  planned  dive  was  postponed  beyond  the  six  hour 
limit. 


To  predict  the  allowable  period  for  storing  soda  lime  in  a  CF  rebreather,  it 
could  be  assumed  that  the  storage  conditions  in  the  rebreather  are  equivalent  to 
that  in  the  original  soda  lime  containers.  The  sealing  mechanisms,  whether  in 
CCDA,  CUMA  or  S-10,  are  such  that  there  would  be  minimal  gas  exchange 
between  the  rebreather  and  the  ambient  air.  Soda  lime  stored  inside  the  rebreather 
would  not  be  exposed  to  free  moving  air  or  any  other  source  of  CO2.  For  example, 
almost  400  litres  (L)  of  air  would  have  to  pass  through  the  scrubber  to  reduce  the 
soda  lime  absorption  capacity  by  10%.  This  would  never  happen  in  a  properly 
sealed  rebreather.  The  water  content  of  soda  lime  is  also  an  important  factor  in  its 
ability  to  absorb  CO2.  The  rebreather  seal  would  prevent  any  net  change  in  water 
content.  Therefore,  the  total  endurance  of  the  scrubber  should  be  the  same 
whether  the  scrubber  was  charged  and  used  immediately  or  if  it  was  stored.  If 
CO2  exposure  and  moisture  content  were  the  only  factors  to  consider,  then  there 
should  be  no  effect  on  endurance. 

However,  there  are  other  confounding  variables.  The  most  important  fac¬ 
tor  is  particle  settling.  When  exposed  to  even  small  vibrations,  CO2  absorbents 
will  settle  with  time  [2].  This  settling  can  cause  channeling  of  the  gas  through  the 


scrubber.  This  b5^asses  the  CO2  absorbent  which  can  lead  to  CO2  poisoning. 
Therefore,  a  time  period  was  desired  that  would  increase  the  pre-dive  preparation 
period  but  avoid  the  possible  effects  of  long-term  settling. 

Discussions  with  users  and  examination  of  operational  activities  suggested 
that  a  seven  day  storage  period  would  be  suitable.  Since  many  exercises  occur  on 
a  weekly  basis,  it  would  be  useful  to  prepare  apparatus  on  the  last  day  of  a  week 
and  then  be  able  to  store  the  apparatus  for  use  during  the  following  week.  There¬ 
fore,  a  seven  day  storage  period  was  proposed. 

Integral  to  the  question  of  extended  storage  was  the  possibility  for  multiple 
dives  during  the  seven  day  period.  That  is,  could  the  scrubber  be  used  for  a 
period  less  than  180  minutes,  then  stored  and  used  again  imtil  180  minutes  of  use 
were  achieved?  If  feasible,  this  possibility  would  also  improve  operational  effec¬ 
tiveness. 

Consequently,  the  Experimental  Diving  Unit  (EDU)  of  the  Defence  and 
Civil  Institute  of  Environmental  Medicine  (DCIEM)  completed  an  experiment  to 
examine  two  conditions  of  storage.  The  first  was  the  case  where  an  apparatus  was 
pre-charged  with  soda  lime  and  sealed  for  seven  days  before  it  was  put  into  serv¬ 
ice.  The  second  was  where  an  apparatus  was  used  for  1  hour  and  then  was  stored 
for  use  seven  days  in  the  future.  The  purpose  of  the  tests  was  to  establish  whether 
scrubber  endurance  when  tine  soda  lime  was  stored  in  the  rebreather  for  up  to 
seven  days  was  lower  than  the  endurance  of  unstored  soda  lime. 

METHODS 

General.  The  unmanned  scrubber  endurance  was  determined  for  five 
identical  carbon  dioxide  scrubbers  (two  S-10  and  three  CCDA  rebreathers)  under 
three  separate  conditions.  The  first  condition  (Control)  established  a  baseline  for 
comparison  by  determining  the  endurance  with  scrubber  cartridges  charged 
within  one  hour  of  starting  the  test.  The  second  condition  (Store/Test)  determined 
the  endurance  with  cartridges  charged  seven  days  prior  to  the  test.  The  third  con- 
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dition  (Test/ Store /Test)  determined  endurance  with  cartridges  that  were 
charged,  tested  for  one  hour,  sealed  for  seven  days  and  then  tested  until  comple¬ 
tion  of  the  endurance  determination.  The  activity  of  the  soda  lime  [3]  was  meas¬ 
ured  to  ensure  that  soda  lime  quality  was  not  a  confouning  variable.  The  two 
experimental  conditions  were  compared  to  the  control  condition  to  establish 
whether  scrubber  endurance  decreased  with  storage  in  the  rebreathers. 

Location.  The  experiment  was  completed  in  EDU's  Unmanned  Test  Facil¬ 
ity  (UTF).  The  facility  was  set-up  for  standard  carbon  dioxide  scrubber  endurance 
tests  [3].  The  rebreathers  were  submerged  in  water  that  was  maintained  at  a  tem¬ 
perature  between  0°C  and  3°C.  The  tests  were  completed  using  a  breathing 
machine  equipped  with  carbon  dioxide  injection,  make-up  air  injection  and 
exhale  gas  humidification  systems.  The  hyperbaric  chamber  was  not  pressurized. 

Soda  Lime.  Soda  lime  was  taken  from  EDU  supplies  (Molecular  Products 
Ltd.,  Sofnolime,  8-12  mesh  British  Standard).  EDU  determined  the  activity  [3]  of 
each  charge  of  soda  lime  from  a  sample  taken  prior  to  filling  the  scrubber. 

Breathing  Apparatus.  Storage  of  the  charged  scrubber  cartridges  was  done 
using  two  S-10  and  three  CCD  A.  Because  each  apparatus  uses  identical  carbon 
dioxide  scrubbers  and  comparable  breathing  loops,  inter-model  variations  were 
considered  negligible. 

Procedures.  Soda  lime  samples  for  activity  testing  were  taken  by  first  mix¬ 
ing  two  bags  of  soda  lime  together.  (Two  1.4  kilogram  bags  are  required  to  fill  the 
scrubber.)  A  0.25  L  sample  was  scooped  from  the  mixed  soda  lime.  The  scrubber 
was  filled  and  any  remaming  soda  lime  was  added  to  the  original  0.25  L  sample. 
The  activity  samples  were  sealed  in  plastic  (MacMillan-Bloedel,  4  mil  polyethyl¬ 
ene)  until  tested.  Testing  consisted  of  one  test  per  sample. 

Variation  in  packing  density  would  have  arose  as  a  confounding  variable  if 
a  number  of  divers  were  involved.  To  control  this  variability,  the  scrubber  was 
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charged  by  the  same  Clearance  Diver.  Once  charged,  the  scrubber  was  installed  in 
the  breathing  apparatus  and  then,  depending  on  the  experimental  condition,  it 
was  either  stored  for  seven  days  or  immediately  installed  in  the  UTF  for  the 
endurance  determination  test.  Storage  involved  evacuating  the  breathing  loop, 
rotating  the  mouthpiece  barrel  valve  to  seal  the  breathing  loop  and  placing  the 
apparatus  in  a  room  kept  between  20°C  and  22°C.  When  taking  the  apparatus  out 
of  storage  the  breathing  loop  was  checked  for  leaks  by  observing  whether  the 
cotmterlimg  remained  completely  deflated  and  the  breathing  hoses  were  still  lon¬ 
gitudinally  compressed. 

Scrubber  endurance  was  determined  following  draft  NATO  procedures  [4] 
with  constant  carbon  dioxide  injection  at  1.6  Litres  per  minute  (L*min'^)  (at  0°C,  1 
atmosphere)  and  breathing  machine  settings  of  2  L  stroke  volume  and  20  strokes 
per  minute.  Counterlimg  volume  was  maintained  by  monitoring  the  pressure 
inside  the  breathing  loop.  Air  was  added  as  required  to  prevent  collapse  of  the 
coimterlimg. 

Endurance  was  defined  as  the  time  required  for  the  CO2  concentration  of 
the  gas  leaving  the  scrubber  to  reach  0.5%  volume  by  volume.  The  CO2  concentra¬ 
tion  was  measured  by  continuous  infra-red  analysis  (Analytical  Development  Co. 
Ltd,  Hoddesdon,  England,  Model  PM  3A,  0  -  5%)  of  a  0.3  L*min"^  sample 
extracted  downstream  of  the  scrubber  exit  port. 

For  the  Test/Store/Test  condition  the  apparatus  was  removed  from  the 
UTF  after  the  first  hour  of  testing,  the  breathing  loop  was  evacuated,  the  mouth¬ 
piece  sealed  and  the  apparatus  stored  for  7  days.  The  endurance  test  was  com¬ 
pleted  after  the  7  day  storage.  The  endurance  was  determined  as  the  sum  of  the  60 
minutes  before  storage  plus  the  endxirance  after  storage. 

Design.  Data  from  all  conditions  consisted  of  endurance  in  minutes  for 
each  scrubber  endurance  test.  A  one-way  analysis  of  variance,  a=0.05,  was  used 
to  test  for  differences  between  the  three  conditions. 


RESULTS 

In  all  15  cases  the  stored  breathing  apparatus  did  not  lose  their  seal.  The 
counterlungs  remained  flat  and  a  negative  pressure  remained  in  the  breathing 
loop  as  indicated  by  the  lengthwise  compression  of  the  breathing  hoses. 

Inspection  of  the  scrubbers  after  the  endurance  tests  were  completed 
revealed  premature  deterioration  of  six  of  the  10  foam  compression  inserts  used 
in  the  scrubber.  Soda  lime  was  deeply  embedded  into  the  foam  and  the  weight  of 
the  inserts  was  reduced  between  17%  and  79%. 

All  soda  lime  activity  samples  passed  the  minimum  requirement  of  65 
minutes  [4].  The  mean  activity  of  the  15  samples  was  81  minutes  with  a  standard 
deviation  of  3.6  minutes. 

Figure  1.  shows  boxplots  of  the  endurance  data  for  the  three  conditions. 
Superimposed  on  the  boxplots  are  the  sample  means.  The  boxplots  for  the  Store/ 
Test  and  Test/ Store /Test  conditions  reveal  strong  outliers,  consequently,  rather 
than  use  a  classical  F  test  which  may  be  affected  by  outliers,  the  more  robust 
Kruskal-Wallis  one-way  analysis  of  variance  was  employed.  A  comparison  of  the 
sample  means  via  Kruskal-Wallis  found  p  =  0.43  which  was  greater  than  the  a  = 
0.05  desired.  Consequently,  there  was  no  evidence  to  support  a  difference 
between  the  three  conditions. 


DISCUSSION 

The  experiment  compared  the  endurance  of  carbon  dioxide  scrubbers 
tested  immediately  after  being  charged  with  soda  lime  to  that  of  scrubbers  that 
had  been  charged  and  stored  for  seven  days  and  to  that  of  scrubbers  charged, 
used  for  one  hour,  stored  for  seven  days  and  then  tested  to  endurance.  The  results 
of  the  comparison  showed  no  evidence  of  a  significant  difference  between  the 
three  conditions.  This  supported  the  proposal  that  up  to  seven-days  of  storage  is 
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Control  Store/Test  Test/Store/Test 


Figure  1.  Scrubber  endurance  distributions  for  three  storage  conditions,  n=5  in 
each  condition.  The  horizontal  white  lines  in  the  interior  of  the  boxes  identify  the 
medians  of  the  data.  The  lower  limit  of  the  boxes  are  the  first  quartile  while  the 
upper  limit  is  the  third  quartile.  (The  difference  between  the  third  and  first  quartile  is 
the  interquartile  distance,  a  measure  of  the  spread  of  the  data.)  The  whiskers  (the 
dotted  lines  extending  from  the  top  and  bottom  of  the  Control  and  from  the  bottom 
of  the  Seven  Day  boxes)  extend  to  the  extreme  values  of  the  data.  Outliers  (those 
lying  outside  1.5  times  the  interquartile  distance  from  the  median)  are  indicated  by 
flat  horizontal  lines.  The  mean  values  of  the  data  are  indicated  by  thick  horizontal 
lines  terminated  with  the  vertical  bars. 


acceptable  for  pre-charging  CF  rebreathers  and  for  multiple  use  of  rebreathers. 
However,  there  were  other  considerations.  Vibration  and  storage  temperature 
were  factors  considered  for  both  the  simple  pre-charging  (Store /Test)  and  the 
multiple  use  cases  (Test/Store/Test). 

These  tests  were  done  in  the  low  vibration  environment  of  a  laboratory. 
Moving  vehicles,  whether  on  land,  air  or  sea,  will  have  levels  of  vibration  which 


could  cause  settling  of  the  soda  lime.  Settling  can  cause  the  gas  to  be  channeled 
past  the  soda  lime  and  thereby  lower  the  endurance.  No  specific  data  were  availa¬ 
ble  to  identify  what  total  vibration  exposure  would  cause  enough  settling  to  pro¬ 
duce  significant  channeling.  On  the  other  hand,  with  all  three  CF  diving 
rebreathers  there  is  a  quick  visual  and  aural  test  [5]  of  the  scrubber  cartridge  that 
will  determine  if  the  scrubber  is  adequately  packed.  The  scrubber  endurance  will 
not  be  compromised  by  doing  this  quick  check.  If  necessary  the  scrubber  can  be 
topped  up  with  soda  lime  to  prevent  channeling.  Therefore,  procedures  are  avail¬ 
able  to  compensate  for  vibration  related  settling. 

Pre-packing  and  storage  in  temperatures  as  low  as  -6.7°C  will  not  pose  a 
problem  as  shown  by  Presswood  [6].  In  an  experiment  where  AGASORB  (equiva¬ 
lent  to  Sofnolime)  was  stored  at  -6.7°C  for  24  hours  prior  to  use,  the  scrubber 
endurance  of  the  Draeger  Lar  V  was  not  significantly  reduced  compared  to  tests 
done  with  soda  lime  that  had  not  been  frozen. 

However,  using  the  rebreather  and  then  storing  it  m  freezing  temperatures 
could  seriously  affect  the  apparatus  performance.  The  CF  has  experienced  these 
problems  when  trying  to  complete  multiple  dives  during  winter  operations. 
Symptoms  include  ice  formation  in  the  mouthpiece  and  coxmterlimg  relief  valves 
as  well  as  the  CUMA  diluent  regulators.  Precautions  to  be  used  during  cold 
weather  operations  are  included  in  the  CF  rebreather  manuals  [7].  These  precau¬ 
tions  will  minimize  the  problems.  Nevertheless,  prolonged  storage  below  0°C 
may  not  permit  safe  use  of  the  apparatus  without  re-warming. 

Use  of  a  rebreather  followed  by  storage  could  also  create  a  toxic  hazard 
from  bacteria,  fungi  and  moulds.  The  magnitude  of  the  hazard  is  not  known; 
however,  the  DCIEM  Health  Hazards  Group  recommended  cleaning  and  drying 
of  the  breathing  loop  prior  to  storage.  Since  the  scrubber  cartridge  is  also  exposed 
to  the  phlegm,  expectorate,  saliva  and  condensate,  it  would  need  to  be  cleaned  to 
prevent  "seed"  material  from  re-entering  the  breathing  loop.  This  would  not  be 
practical.  Therefore,  imtil  the  magnitude  of  the  hazard  is  known,  use  followed  by 
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extended  storage  is  not  recommended.  If,  however,  operations  necessitate  multi¬ 
ple  use  and  storage,  the  breathing  loop  (not  including  the  scrubber  cartridge) 
should  be  cleaned.  The  scrubber  cartridge  should  at  least  be  wiped  down  with  the 
disinfectant  used  for  breathing  loop  cleaning.  An  attempt  will  be  made  to  quan¬ 
tify  the  biological  hazard  during  future  experiments  involving  CF  rebreathers. 
Until  then,  users  must  recognize  that  there  is  some  risk  of  biological  hazard  asso¬ 
ciated  with  using,  storing  and  then  re-using  a  rebreather. 

The  storage  of  the  soda  lime  in  the  scrubber  after  it  was  used  accelerated 
the  deterioration  of  the  foam  compression  inserts.  The  inserts  help  maintain  the 
packing  of  the  soda  lime  bed.  They  act  as  a  cushion  to  prevent  breakage  of  the 
soda  lime  particles  and  expand  to  take  up  space  if  minor  settling  does  occur.  The 
rapid  deterioration  of  the  foam  was  probably  caused  by  increased  exposure  to  the 
caustic  solution  produced  by  the  moist  soda  lime.  The  soda  lime  was  moist 
because  of  the  water  carried  into  the  breathing  loop  by  the  exhaled  gas.  The  caus¬ 
tic  solution  is  suspected  because  very  little  deterioration  was  observed  in  the 
Store/Test  condition.  That  is,  when  stored  with  dry,  unused  soda  lime  in  a  dry 
breathing  loop,  tire  foam  inserts  did  not  deteriorate  noticeably.  Exposure  times 
during  normal  endurance  tests  are  not  long  enough  to  cause  rapid  deterioration, 
but  close  contact  with  moist  soda  lime  for  seven  days  was  probably  too  severe  for 
the  foam. 

Multiple  uses  create  another  potential  hazard  not  necessarily  related  to 
storage.  The  scrubber  endurance  rating  of  180  minutes,  assumes  an  average  CO2 
production  rate  of  1.6  L*min'^.  This  value  was  based  on  empirical  data  foimd  by 
Knafelc  [8].  By  applying  a  respiratory  quotient  of  0.9  to  the  oxygen  consumption 
data  a  mean  CO2  consumption  value  of  1.37  ±  0.18  L«min'^  was  foimd.  To  increase 
the  safety  factor  the  99%  confidence  interval  was  used.  This  increases  the  value  to 
1.6  L*min'^.  In  the  unmanned  test,  this  is  considered  an  attainable  average  value 
for  a  three  hour  dive.  For  shorter  dives,  10  to  40  minutes  for  example,  higher  CO2 
production  rates  in  the  range  of  2.5  to  4  L*  min'^  can  be  sustained  [9, 10].  Consider 


an  example.  Table  1,  in  which  4  dives  are  done  totalling  180  minutes  with  an  aver¬ 
age  CO2  production  as  shown.  The  total  CO2  produced  during  the  180  minutes 

Table  1:  Example  of  carbon  dioxide  (C02)  production  during  four  dives. 


Dive# 

Average  CO2 
Production 
Rate  (L*min'^) 

Dive  Time 
(minutes) 

Total  C02 
Production  (L) 

1 

1.5 

40 

60 

2 

2.25 

40 

90 

3 

1.7 

60 

102 

4 

2.1 

40 

84 

Totals 

180 

336 

would  be  336  L.  This  is  48  L  more  than  what  would  be  produced  by  a  diver  in  a 
single  180-minute  dive  with  an  average  CO2  production  of  1.6  L.min'^,  i.e.,  288  L 
of  CO2.  The  consequence  is  lower  scrubber  endurance.  Assuming  endurance  is 
directly  proportional  to  total  CO2  load,  then,  in  this  example,  the  endurance 
would  be  about  160  minutes.  Consequently,  for  multiple  dives,  whether  storage  is 
involved  or  not,  divers  must  be  conscious  of  the  effect  on  endurance  of  short- 
duration,  high  exertion  dives. 

CONCLUSIONS 

In  conclusion,  the  results  of  this  experiment  indicated  that  storage  of  soda 
lime  in  the  CF  rebreathers,  CCDA,  CUMA  and  S-10,  for  up  to  seven  days  did  not 
reduce  endurance  but  other  factors  did  arise  which  restrict  how  the  storage 
period  can  be  used.  The  results  showed  that  multiple  use  of  the  rebreather  during 
the  seven  day  period  did  not  reduce  scrubber  endurance.  On  the  other  hand,  an 
analysis  of  factors  associated  with  using  and  storing  the  rebreathers  revealed  that 
multiple  use  of  the  rebreather  should  be  done  with  caution  in  sub-freezing  condi¬ 
tions.  While  prescribed  pre-cautions  can  prevent  ice  fouling,  they  may  not  elimi¬ 
nate  failures  after  prolonged  sub-freezing  storage.  Multiple  use  combined  with 
storage  could  also  produce  biological  hazards  and  may  prematurely  degrade  the 


foam  compression  inserts  in  the  scrubber.  A  final  factor  in  all  multiple  use 
rebreather  diving  was  the  possible  increased  carbon  dioxide  load  produced  by 
short-duration,  high-exertion  dives  which  would  reduce  scrubber  endurance. 


RECOMMENDATIONS 

The  results  of  this  investigation  led  to  the  following  recommendations: 

a.  amend  Canadian  Forces  Diving  Manual,  B-GG-380-000/FP-004,  to 
include  the  seven  day  pre-preparation  period; 

b.  performing  multiple  use  dives  combined  with  storage  between  dives 
was  not  recommended  (storing  wet  diving  equipment  is  never  recom¬ 
mended);  however,  if  necessary,  make  all  attempts  to  clean  breathing 
loop  daily; 

c.  take  pre-cautions  as  per  Canadian  Forces  Diving  Manual  [7]  when 
operating  in  sub-freezing  temperatures; 

d.  develop  an  adjustment  that  can  be  applied  to  rated  scrubber  endurance 
to  account  for  short-duration,  high  exertion  dives;  and 

e.  attempt  to  improve  the  material  of  scrubber  foam  compression  inserts. 
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